The effect of laser pulse-width on the efficiency of nonphotochemical laser-induced nucleation (NPLIN) of supersaturated aqueous solutions of KCl has been studied. At equivalent peak power densities it was observed that the same fractions of samples were nucleated for both short (6 ns) and long (200 ns) near-infrared laser pulses. The results show that the efficiency depends on the peak power density and not on the duration, or total energy, of the laser pulses. It is concluded that the mechanism is unlikely to be based solely on diffusion of solute to a sub-critical cluster.
Introduction
Nonphotochemical laser-induced nucleation (NPLIN) of urea from supersaturated aqueous solution was discovered by Garetz et al. in 1996 [1] . They demonstrated that a train of nanosecond pulses (20 ns pulse width, ~0.1 J pulse -1 ) of near-infrared light (1064 nm) from a laser could cause rapid crystallization from solution, and noted that the initially formed crystallites of urea were aligned preferentially along the direction of linear polarization of the electric-field of the laser light. They subsequently demonstrated the effect for other molecules, in particular for glycine which was also shown to crystallize into the -or -glycine polymorphs depending on the polarization of the laser light [2, 3] . Garetz et al. described a mechanism for NPLIN in terms of the optical Kerr effect: the high electric field strengths generated during the laser pulse can interact with the polarizability anisotropy of the molecules, and the interaction energy depends on the alignment of the molecules. Since the interaction energy between the light and a single molecule would be small (only ~10 -4 k B T for glycine), it is believed that the light acts co-operatively on a cluster of molecules [3] . Garetz et al. observed that for the NPLIN to be effective, they required significant periods (hours, or days) of ageing of the supersaturated solutions prior to being shot with the laser. This is consistent with a requirement for growth and equilibration of pre-nucleating clusters in solution. The significance of pre-nucleating clusters to crystal nucleation in solution has become a hot topic for debate [4, 5] .
Studying the dynamics of the nucleation process by computer simulations is very challenging, since nucleation is a rare and random event [6] : recent simulations, however, have revealed the formation of liquid-like clusters of solute [5, 7] . The postulated Kerr-effect mechanism for NPLIN fits in well with the concept of non-crystalline pre-nucleating clusters: molecules within the cluster are caused to align with the field, restructuring the cluster and lowering the free-energy barrier to nucleation. Recently, Alexander and Camp have demonstrated nucleation of potassium chloride (KCl) from supersaturated solutions by NPLIN with 1064 nm light, obtaining single crystals with a single laser pulse [8, 9] . They observed no dependence of the nucleation probability on the polarization (circular or linear) of the light. Since KCl has no molecules to be aligned in the manner envisaged in the Kerr-effect mechanism, an alternative mechanism based on the isotropic polarizability of pre-nucleating clusters of KCl was proposed. Their results were analyzed quantitatively using a theoretical model based on classical nucleation theory, and they reported a value for the crystal-solution interfacial tension of In the studies of NPLIN reported thus far, the experimental data were reported as functions of the peak power of the laser pulse, since this corresponds to the peak of the electric field during the time that the radiation is present. Garetz et al. reported a threshold for NPLIN of urea corresponding to a peak power density of 30 MW cm -2 (9 ns pulses of 1064 nm light with linear polarization) [10] . By contrast, much higher powers 240-700 MW cm -2 were required to nucleate supersaturated solutions of glycine and histidine [11, 12] . Myerson and co-workers have also used both nanosecond (4 ns pulses, 10 MW cm -2 ) and picosecond (100 ps pulses, 220 MW cm -2 ) laser pulses to nucleate hen egg-white lysozyme, although no quantitative analysis of the efficacy of peak power versus pulse width was reported [13] . Alexander and Camp measured threshold power densities of 6.4 MW cm -2 (7 ns pulses, 1064 nm) to nucleate solutions of KCl with a single laser pulse [8] .
There have been other studies that have used femtosecond laser pulses to induce crystallization, for example, in anthracene and at surfaces of pre-existing urea crystals [14, 15] . However, we note that the peak powers of the focussed light for these studies were significantly higher (~GW cm -2 ), and the growth of crystals were ascribed to photomechanical processes, such as cavitation of the solution and ablation of crystalline surfaces causing secondary nucleation.
In this letter, we investigate the supposition that NPLIN depends on peak laser power density, and report the results of a study into the effect of the pulse width in the 6-200 nanosecond range on the efficiency of NPLIN of KCl from supersaturated solutions at 2 different solution concentrations. We confirm that the probability of nucleation is directly proportional to peak power density. The consequences of our results for possible microscopic mechanisms of NPLIN of KCl are discussed briefly. Once sealed, the vials can be reheated to dissolve any crystals.
Experimental
Two separate Nd 3+ :YAG laser systems were used to produce the short and long nanosecond pulses of near-infrared light (1064 nm). The short pulse was produced by the Q-switched output of a Nd 3+ :YAG laser (Brilliant, Quantel, France). The long pulse was obtained from free running (i.e., non Qswitched) output of a Nd 3+ :YAG laser (Spectron Laser, UK). The time dependences of the relative intensity of the pulses were measured using a fast photodiode (DET10A, Thorlabs, UK) with signals captured using a fast (1 GHz) digital-storage oscilloscope, giving a combined rise time ~1 ns. The spatial modes of the laser beams were nearly Gaussian (TEM00), and we verified that there were no hot spots in the beam, which was not focussed prior to entering the sample vial.
Each sample vial was intentionally set to crystallize and left overnight in order to ensure that all samples were treated equally. The solutions were dissolved by heating on a hotplate at 50 °C and each vial was shaken regularly: the heating and dissolution procedure took approximately 1 hour. Once the solutions were apparently dissolved, they were left to cool to 24.4 °C, and were left at this temperature for 30 minutes. It was found that one or two samples spontaneously nucleated during this time, probably due to having not been dissolved completely. We have observed that samples that do not nucleate within 30 minutes are normally stable for several days. Each sample vial was placed in the beam path and exposed to laser pulses for 10 s at a repetition rate of 10 Hz, giving a total of 100 shots for each sample. Having been shot, the samples were maintained at 24. Figure 1 shows a plot of typical pulses from each laser. The long pulse has a full-width at halfmaximum (FWHM) of 200 ns, and the short pulse has a FWHM of 6 ns. The long pulse shows a broad envelope with a minor oscillation that is due to coherence between different electromagnetic modes of the light built-up in the laser cavity. We observed that the long pulse had a low-intensity tail that extends to long times ~20 s. This tail was fitted and taken into account when determining the ratio of peak-power density to integrated power, as discussed below.
Results and Discussion
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where peak I is the relative peak intensity and int I is the integrated area of the peak, as shown in Fig. 1 .
For the long pulse (free running) laser we find T = 705 ns, and for the short pulse (Q-switched) laser we obtain T = 6.39 ns. The peak power density can be obtained by calculating the effect of the slight focussing of the beam inside the sample vial using a simple optical ray-tracing procedure. The radius (r 0 ) of the beam for both lasers just before the sample vial was selected using an iris to be r 0 = . (2) This power density represents the average of the 100 shots used to irradiate each sample vial, and we will refer to it simply as the peak power density. We observed that fluctuations in the intensities of laser pulses for both lasers, as estimated from the photodiode, were < 5 %.
The maximum power for the experiments was limited by the power output of the free-running laser, which was operated at its maximum flashlamp voltages. The samples at S = 1.076 were shot at a slightly higher mean power 1.80 W P  than those at S = 1.066, which were shot at 1.67 W P  . For each set of samples, from the peak power density of the free-running laser, we calculated the mean pulse energy required from the Q-switched laser so that the peak power densities of both laser pulses would be approximately the same. The beam of the Q-switched laser was passed through a high power-Glan laser polarizer (Optics for Research, NJ, USA) which, by rotation relative to the natural linear polarization of the laser output, was used to control the pulse power before entering the sample vial. Table 1 . Characteristics of the laser pulses used to nucleate KCl solutions, and the fraction of samples nucleated. The mean power of pulses from the Q-switched laser was selected by means of a nearinfrared polarizer in order to obtain similar peak power densities as for the free-running laser for each sample set.
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In previous work, we demonstrated that the probability of nucleation of supersaturated aqueous KCl solutions is linearly proportional to the peak power density [9] . In the present work we have chosen conditions such that the peak power density is nearly the same for each of the laser pulses. The details of the laser pulses used and the resulting fraction of samples nucleated are shown in Table 1 . As can be seen from the table, the fractions of samples nucleated by each laser are approximately equal for a given saturation: thus, for S = 1.076, the fraction of samples nucleated is p ~ 0.29 and for S = 1.066, p ~ 0.23. However, the mean energy being delivered to the samples differs between lasers by more than 2 orders of magnitude: e.g., for S = 1.076, the mean energy per pulse was 180 mJ from the freerunning laser and 1.60 mJ from the Q-switched laser.
We might expect absorption of some of the energy of the laser pulses by the solution to cause heating, thereby reducing the observed nucleation fraction. This effect would be greatest for the free-running laser, where the pulse energies are higher. The absorption coefficient of pure water has been reported as 0.1442 cm -1 at 1063 nm [16] . The absorption is not expected to be significantly different for a saturated solution of aqueous KCl, which we verified by near-infrared spectroscopy. If we take the pathlength to be the diameter of the vial (2 cm), then the energy absorbed per 180 mJ pulse will be 87.3 mJ. The specific heat capacity of KCl brine (S = 0.985, 298.15 K) was reported to be c p = 3005 J g -1 K -1 [17, 18] . To estimate the resulting temperature rise over 100 shots, we assume that free convection and conduction from the nearly cylindrical volume (0.35 cm 3 ) of solution irradiated takes place [19] . We estimate that the mean temperature rise within the irradiated volume of the solution using the Q-switched laser (1.6 mJ pulse -1 ) would be 2 mK after 100 pulses, which is entirely negligible. The mean temperature rise over 100 pulses in the irradiated volume using the free-running laser would be 2.1 K, corresponding to a 1.8% decrease in supersaturation, which is not significant compared to the estimated statistical uncertainties quoted in Table 1 . Our estimates do not take into account forced convection of the solution due to manual handling of the sample vials or heat loss to the surroundings, both of which would also work to offset effects of the temperature rise.
Estimate of critical cluster size
Our experimental results support the hypothesis that peak power and not the total energy of the laser pulse determines the NPLIN efficiency. The peak electric field (E peak ) of the light in absence of the solution can be calculated from the peak power density as [20] 
where c is the speed of light and  0 is the permittivity of free space. Using Eq. (3) we calculate that peak fields for our experiments are in the range E peak = 4.02-4.16  10 6 V m -1 . Note that Eq. (3) is written for the free field (in vacuo) since this is the value to be used in the equations that follow. The actual peak electric field in the solution will be reduced by a factor aq aq n   where n aq is the refractive index of the supersaturated solution. The free energy change ( , ) G r E  for formation of a spherical cluster of radius r in the presence of an applied electric field E can be written [8]   
where  is the solution-crystal interfacial tension, S is the supersaturation (as defined in Sec. 2), and 
For KCl in water, using tabulated refractive indices at 1064 nm [22] , we obtain 
At supersaturation S = 1.066, with a peak electric field of E = 4.02  10 6 V m -1 and using  = 2.19 mJ m -2 for the solution-crystal interfacial tension [8] , we calculate a critical cluster size r c = 1 nm, corresponding to an anhydrous cluster containing ~76 units of KCl.
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Nucleation mechanism
The present results do not reveal a complete picture of the microscopic mechanism for NPLIN of KCl but they do bring us some vital clues. Prima facie, we might consider two viable microscopic mechanisms: (1) during the presence of the electric field, sufficient solute is attracted to a pre-existing cluster causing it to become large enough such that it remains critical after the field has gone; or, (2) the presence of the electric field stimulates a structural rearrangement of the KCl within a subcritical cluster: e.g., this might involve a transition from a liquid-like structure to one that is more crystalline.
For the mechanism based on solute transport (1), we consider the amount of solute that could be involved, considering the timescales involved. From experimental measurements of the diffusivity of supersaturated KCl [23] , we calculate D = 1.87  10 -9 m 2 s -1 at S = 1.066. From this diffusivity, we calculate the root-mean-square radius of diffusion,
This means that solute within a radius of ~23 nm of the initial sub-critical cluster could be attracted during the 48 ns that the long pulse is at 95% of its peak intensity. interfacial tension,  [24] .
However, from the shape of the long pulse in Fig. 1 , we note that the full width at 95% peak intensity (48 ns) is 8 times the FWHM of the Q-switched pulse, and yet the fractions of nucleation are not significantly different under the conditions we have tested. It seems clear then, that the critical point can be reached in the time of the shorter pulse, and that there appears to be no significant advantage gained by the field being present for longer, as one might expect for a mechanism based on solute diffusion alone. We conclude that mechanism (2), involving some field-induced re-arrangement of the cluster, is the most likely based on the experimental evidence so far. Further theoretical and experimental work should be carried out to understand the microscopic mechanism.
Conclusions
We have studied the effects of nanosecond pulse width on the efficiency of nonphotochemical laserinduced nucleation (NPLIN) of aqueous solutions of potassium chloride. At equivalent peak power densities it was observed that the same fractions of samples were nucleated for both short (6 ns) and Page 9 of 12 long (200 ns) laser pulses. The results show that the efficiency of NPLIN depends on the peak power density of the laser pulse, and not on the total energy delivered to the solution. The critical cluster radius for NPLIN in the present experiments was estimated to be 1 nm. The results suggest that the microscopic mechanism for NPLIN of KCl in aqueous solution is unlikely to be based on diffusion of solute to a sub-critical cluster during the presence of the field, since it would be expected that much more solute could be transferred during the longer pulse. We conclude that field-induced rearrangement of a pre-nucleating cluster is the most likely mechanism for NPLIN at the present time.
